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ABSTRACT We describe a procedure for reversible adsorption of DNA onto a gold electrode maintained under potential control. The
adsorbate can be imaged by scanning probe microscopy in situ. Quantitative control of a molecular adsorbate for microscopy is
now possible.
We found a potential window (between 0 and 180 mV versus a silver wire quasi reference) over which a gold (1 1 1) surface under
phosphate buffer is positively charged, but is not covered with a dense adsorbate. When DNA is present in these conditions,
molecules adsorb onto the electrode and remain stable under repeated scanning with a scanning tunneling microscope (STM).
They become removed when the surface is brought to a negative charge. When operated at tunnel currents below - 0.4 nA, the
STM yields a resolution of 1 nm, which is better than can be obtained with atomic force microscopy (AFM) at present.
We illustrate this procedure by imaging a series of DNA molecules made by ligating a 21 base-pair oligonucleotide. We observed
the expected series of fragment lengths but small fragments are adsorbed preferentially.
INTRODUCTION
Scanning probe microscopy has the potential to contrib-
ute to the structural characterization of key biological
macromolecules in important ways. These include imag-
ing at nearly atomic resolution and under conditions of
quasi-physiological hydration and ionic environment.
However, the scanned probe microscopies are subject to
the same general constraints as other methods for direct
microscopic visualization. A minimum initial require-
ment for using these methods with confidence is a recipe
for putting down a controlled submonolayer of the
biological polymer (preferably without denaturing it in
the process) with essentially no spurious molecules
cluttering the image. Preparation of a uniform layer of
molecular adsorbates in 'clean' conditions has been the
domain of the ultrahigh vacuum (UHV) surface science.
This is not an ideal environment for the study of
biological materials. Happily, the scanning probe mi-
croscopies (scanning tunneling microscopy [STM] and
atomic force microscopy [AFM]) permit the marriage of
high resolution imaging techniques with the other realm
of 'clean' surface science which is electrochemistry. We
shall describe our methods for preparing electrochemi-
cal adsorbates that give reproducible and uniform im-
ages of DNA. Furthermore, the adsorption is quantita-
tive in the sense that the density of molecules in the
image is related to deposition conditions in a repeatable
way.
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There have been many reports of images of DNA
obtained with the STM (1, 2). DNA has also recently
been imaged with the AFM (3, 4, 15). Most of the STM
work was carried out by drying a DNA solution onto
graphite (5, 6) although electrochemical deposition has
also been tried on this substrate (7). Samples have also
been deposited onto metal or amorphous carbon films
(8). Another approach involves chemical reactions be-
tween DNA and a substrate (9, 10). We have advocated
an electrochemical approach, reacting a DNA-salt com-
plex onto gold electrodes (11, 12,13). In the case of
graphite, the substrate itself is a limiting factor, grain
boundaries generating "DNA" images (14). This early
work has proved hard to reproduce or to interpret.
The main problem is that both the STM and AFM
probes interact with the sample rather strongly (2). We
have argued that STM imaging probably requires that
the material be packed into a dense layer on the
substrate so that core-repulsion forces hold the mole-
cule in place during scanning (2). Good AFM images
have been obtained recently using ionic attachment of
DNA to mica (3) or chemically modified mica (4).
Promising though this work is, it suffers from two
drawbacks. (a)The resolution of the AFM is limited
because it forms a profile by contact. Thus, if the probe
is a sphere of radius R and the molecule is a cylinder of
radius r, then the resulting image has a width of 4ViR (4).
Currently available probes have a radius of curvature of
tens of nm. (b) DNA deposited from an electrolyte is
often associated with small salt crystals that may limit
resolution.
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The STM has an intrinsically higher resolution than
the AFM owing to the exponential dependence of
tunnel current on distance. The purpose of this paper is
to show that it is possible to prepare adsorbates into
which the DNA is packed well enough to resist distur-
bance by the STM tip. We will outline a method that
produces excellent images quite rountinely. The resolu-
tion is controlled by the tip profile, but it is usually
around a nanometer. Isolated strands of DNA yield
images with a width 3 nm and the helix repeat is seen
in the raw data on occasion.
We have achieved these results by adsorbing the DNA
into a thin layer of small ions held onto a gold (111)
electrode as part of the polarization layer formed on a
positive surface under potential control in a three
electrode cell. Images are taken in situ with potential
control maintained. The adsorbate is removed when the
surface charge is reversed, so the process is reversible in
situ, opening the possibility of making a sequence of
images of molecules involved in an interaction. With
adequate insulation of the tip, it is possible to image with
an STM while leaving the electrochemical environment
largely unperturbed.
This appears to be the simplest way to use electrochem-
ical methods and it was the basis of our first attempt to
image DNA under solution, although our first positive
results were only obtained after nonreversible reactions
were carried out with the substrate (which was then
imaged with the counter electrode disconnected) (11).
In our first attempts, images made under potential
control were not stable. Reactive contaminants, poorly
insulated tips, and poor choices of electrolyte were
problems we have only overcome recently.
We begin with a brief theoretical outline of the
method. We turn next to a description of the experimen-
tal techniques: substrate preparation, tip preparation
and cell construction. We then turn to survey the
electrochemistry of DNA and various salts on a posi-
tively charged Au(111) surface. A discussion of STM
and AFM studies of Au(111) under various electrolytes
under potential control follows. Finally, we survey the
results of adding various types of DNA fragments to the
phosphate buffer or to pure water. We end by showing
images of a series of ligated synthetic oligomers.
THEORETICAL BACKGROUND
There are many ways in which DNA may be immobilized for
microscopy. All of them are destructive of the 'natural' conformation
of the molecule to some extent. The electrochemical environment has
some unique advantages: contamination of the substrate may be
minimized by imaging under the solution from which the DNA was
adsorbed and by adjusting conditions so that only the desired mole-
cules are adsorbed. With care, a uniform coverage of the surface can
be obtained, eliminating the need to search for images. Perhaps most
importantly, the surface charge of the substrate may be adjusted so
that the response of the molecule to various surface charges can be
studied. Finally, the molecule is hydrated (although the extent of the
deformations caused by binding might, in some cases, make this last
advantage less important). We recall some relevant results in this
section (an introductory description is available elsewhere [2]).
A second theoretical area is the interpretation of the STM images.
We have discussed some of the problems associated with this else-
where (16,17), but we are far from understanding the contrast
mechanisms. Accordingly, images must be interpreted phenomenolog-
ically.
The details of the ion accumulation at the working electrode (our
substrate) are of concern here. If the ions bind specifically to the metal
atoms at the surface, a new interface (the inner Helmholtz plane, IHP)
is formed. Any excess surface charge that remains is compensated by a
diffuse cloud of counter ions. The electrostatic attraction (or repulsion
for co-ions) is balanced by thermal fluctuations. The balance is
described by the Poisson-Boltzmann equation. A solution of this
equation for point ions at plane electrodes shows that most of the
potential change occurs over a distance given by
0.3
K-1 =-nm
zclc (1)
for dilute aqueous solutions at 25°C (18). Here C is the molarity of a z:z
electrolyte; k-l is the Debye length which is around a hundred A for
the low ionic strenghts used in this work. The potential which causes
the excess charge at the IHP to be zero (so that the anion concentra-
tion equals the cation concentration) is called the potential of zero
charge (PZC). For the gold electrodes and neutral solutions used here,
it is found to be near 0 V (with respect to a silver quasi reference
electrode, AgQRE). Thus, at potentials more positive than 0 V (vs.
AgQRE) the interface acquires a net positive charge. The range of
potentials around the PZC that give rise to polarization currents only
(i.e., no reactions) is called the double-layer region of potential.
The foregoing discussion ignores the finite size of the hydrated ions.
If they are packed densely enough, they cannot undergo thermal
motion and the potential varies linearly with distance as it would for a
parallel plate capacitor. The Poisson-Boltzmann equation can only be
applied outside this layer (the edge of which is called the outer
Helmholtz plane, OHP) (18). We use a phosphate buffered solution as
an electrolyte. Our experiments suggest that the PO3- ion may bind
specifically on the Au(111) surface, although DNA does not appear to
do so. Nonetheless, our experiments suggest that DNA becomes
trapped within this layer, allowing packing forces to hold it in place as
the scanning probe is dragged over the surface (2).
Control of surface coverage is a key problem. We use Au(111) that
has been grown onto mica epitaxially. This surface is quite flat, so that
the electrode area can be estimated, facilitating quantitative control of
the deposition possible. No current flows when the cell is operated in
the double-layer region, so that the transport of DNA into the Debye
layer must be by driven by Fick's-law diffusion. The positively charged
electrode will act as a sink for the negatively charged DNA, but only
over a distance k- Thus, the DNA must be allowed to adsorb for a
time long enough to allow diffusion from the bulk of the electrolyte.
This is a slow process compared with the electrophoresis that occurs in
the high field region. The timescale can be estimated using the
Einstein-Smoluchowski relation. This gives the time to diffuse an RMS
distance, 1, as
12
t
~2 2D, (2)
where D, the translational diffusion constant, has a value for small
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DNA molecules of - 10-8 cm2 S-1 (18, 33). For a cell depth, 1, of a
fraction of a cm, hours must be allowed for diffusion of DNA to the
interface. Since the scanning probe obscures the substrate, it must be
withdrawn for this period to allow diffusion. D, depends on the
molecular weight of the molecule, so this time will depend on sample
size also.
Formation of a dense monolayer would require a concentration
(g/ml)
pd
c= l. (3)
Here, p is the density of DNA and d its diameter (20A). A cell depth, 1,
of a fraction of a cm would require - 1 ±tg/ml for a monolayer.
However, we shall show that the layer that is imaged appears to
stabilize after a period of time shorter than that required for diffusion,
inhibiting further adsorption of DNA. Thus, a somewhat greater
concentration is required to achieve a full monolayer.
In summary, the procedure is as follows. A solution of electrolyte
containing a few ,ug/ml of DNA is placed onto a clean gold electrode
and the electrode potential is set to give a positive surface charge.
After a period of - 1 h, the STM tip is lowered, and the surface imaged
while potential control is maintained. The remainder of this paper
describes our experimental procedures and the experiments that led to
them.
EXPERIMENTAL PROCEDURES
The sample is placed in a small cell into which the STM tip is lowered
(13). The cell is shown schematically in Fig. 1. It consists of a small (- 5
mm id) glass tube polished at one end so as to form an interference fit
onto the substrate. The cell is pulled into place by the surrounding
magnetic base with magnets inserted into the STM base. The counter
electrode is a 0.2 mm diameter Pt wire that dips about 2 mm into the
solution. The 'reference electrode' is a 0.5-mm diameter Ag wire
arranged similarly. We have found that this gives results 0.29 V
6
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different from the Ag/AgCl/KCl system described previously (13) for
potentials between 0 and 1 V. The silver wire is not a true reference
electrode, because silver ions are not present in our solutions. We find
that the potential scale is not linear above 1 V, although the results are
completely reproducible. The electrode functions well at lower poten-
tials and studies of standard systems (such as HCl04 on Au(111)1)
show that our AgQRE values are shifted 0.29 V negative with respect
to the saturated calomel electrode (SCE). In this paper we refer to the
substrate potential as V,, the voltage measured at the substrate with
respect to the AgQRE.
Cleanliness is essential for reproducibility: the inside of the cell is
cleaned using standard glass cleaning procedures and fresh wire is
degreased and cut for each electrode for each run.
Very low Faradaic leakage is required for the STM tips in order to
avoid electrochemical effects owing to the tip. We have described a
procedure for wax coating the tips (19). We have made two improve-
ments since that work was published. The Pt-Ir wire is etched with a
cycle of pulses that produces the desired (19) profile automatically. In
practice, if the end of the tip looks sharp in a 500X optical microscope,
it appears to work well. We control the temperature of the wax
thermostatically to 170°C, routinely achieving a leakage of less than 10
pA (with 0.14 V applied between the tip and a large counter electrode
in 1 M NaOH). The tips are washed in clean water and introduced into
the cell after deposition of the adsorbate. We have conducted tests in
which the tip potential is controlled either with respect to the substrate
or with respect to the reference electrode. As long as the tips are well
illustrated, we see no changes caused by repeated scanning in either
case. Changes in the image occur only on changing the substrate
potential. Therefore, we conclude that an adequately insulated STM
tip does not perturb the electrochemical environment beyond blocking
diffusion onto the surface.
The substrates are Au(111) grown epitaxially onto mica as described
elsewhere (21). Even gold becomes contaminated almost immediately
on exposure to air (22), so our criterion for 'cleanliness' is based on
observation of the 23 x VF3 reconstructed surface that is observed on
Au(111) in ultrahigh vacuum (UHV) (23). We have studied this
surface under electrolytes, concluding that the following procedure
yields 'clean' surface: after preparation of the substrates, the UHV
chamber (21) is backfilled with a positive pressure of nitrogen, the
Conflat port containing the substrate heater is removed and placed in
a laminar flow hood. The substrates are then loaded into clean glass
containers which are stacked in a vacuum desiccator. The substrates
are exposed to air over a period of 20 min. The desiccator is
evacuated and backfilled with argon. The substrates are transferred as
needed to the STM stage (additional exposure to air being - 5 min)
and flooded with clean electrolyte. With this procedure, substrates
remain 'good' for a week or more of storage under Ar.
Mixing of solutions also requires some care. Many sources of 'clean'
water cause modification of the gold surface. We have investigated
various sources, and the following perform at about the same level
(-5% of the gold surface is modified due to what appear to be
contaminants): water from a new bioresearch grade Nanopure water
system (Barnstead, Dubuque, IA) fed with the campus distilled water;
water from this system was redistilled with with KMnO4; water for
HPLC was from Aldrich Chemical; water from the campus distilled
water system was triply distilled in a custom system in the laboratory of
A. Beiber at Arizona State University. Many sources were worse than
this, so the optimum procedure at a particular site needs to be
established empirically. Other solutions are given in the appropriate
sections of this paper.
I Tao, N. J., and S. M. Lindsay. In-situ scanning tunneling microscopy
of reversible 23 x vF3 to 1 x 1 transition of Au(111) under potential
control in 0.01M HCLO4.
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FIGURE 1 The electrochemistry cell for STM. The Au(111) on mica
(3) is held onto the STM base by a magnetic stainless steel plate (2).
The glass cell (1) forms an interference fit onto the substrate (shown by
the cut-away). The insulating block (4) holds the counter (5) and
reference (6) electrodes.
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Measurements of the PZC for Au(111) in solutions near pH 7 were
made using ac methods (24) with a lockin amplifier and a modified
potentiostat (AFRDE4; Pine Instruments, Grove City, PA). The high
resistance of solutions of low ionic strength complicated measure-
ments. Data were verified by comparison with a series of solutions of
higher ionic strength. The differential capacitance minimum appeared
near 0 V (vs. AgQRE) although there is a run-to-run variation of 50
mV (P.I. Oden, unpublished data).
Voltammograms were obtained in the STM cell. Results are
reported for the first cycle only in order to avoid complications
associated with hysteresis and nonreversible processes.
Imaging was carried out on a TAK 3.0 STM from Angstrom
Technology (Mesa, AZ) or a Nanoscope II STM/AFM from Digital
instruments (Santa Barbara, CA). Imaging conditions are reported in
the various experiments. Raw (unfiltered) data are presented unless
otherwise stated. The Nanoscope yielded better resolution (when used
with the "A" head) but could only be scanned over 8000 A2. The TAK
3.0 was used for surveying large areas and, once the basic electrochem-
ical procedures were worked out, the Nanoscope was used for high
resolution images. The scans were calibrated using atomic resolution
of the graphite surface.
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FIGURE 2 Voltammograms for various electrolytes (see text) on
Au(111). Voltages are versus the AgQRE. The vertical axes are
current (0 to 5 ,uA, except e which is 0 to 50 ,uA).
ELECTROCHEMISTRY OF DNA AND
AU(111)
Our original work assumed that DNA could be electro-
chemically reacted onto an electrode so as to be fixed in
place permanently. We show here that this not a
practical approach. Published data onDNA electrochem-
istry is limited to mercury (25) or graphite (26) elec-
trodes. We have therefore studied DNA and its various
components on Au(111) using voltammetry. Experi-
ments were carried out so as to mirror the conditions in
the STM. The STM cell was used with fresh substrates,
solutions, and electrodes for each run. The solutions
were: (a) water from a bioresearch grade Nanopure
system (Barnstead); (b) 10 mM NaH2PO4 adjusted to
pH 6.5 with NaOH; (c) 5 mg/ml 2-D-deoxyribose (Sigma
Chemical Co., St. Louis, MO) in water; (d) 7 jig/ml high
molecular weight, phenol-extracted calf thymus DNA
(Worthington) in water; (e) 500 jig/ml adenine (P.L.
Biochemical) in water; (f) 500 jig/ml guanine (P.L.
Biochemical) in water; (g) 5 mg/ml 2'-deoxythymidine
(P.L. Biochemical) in water.
Each solution was placed onto a clean substrate
immediately after it was removed from storage under
Ar. The electrodes were placed into the cell and the
potentiostat connected at 0 V (AgQRE). The cell
current was then recorded as the potential was swept to
+2 V and back to 0 V (at 0.1 V/s). Only the first sweep
was recorded. Results that are typical of many runs are
shown in Fig. 2. The letters correspond to the solutions
listed above (the current scales are 0 to 5 ,A with the
exception of e, which is 0 to 50 ,uA). The water (a),
deoxyribose sugar (c), cytidine (g), and thymidine (h)
are inactive. The phosphate buffer (b) shows an anodic
peak near 1.2 V. There is an additional small peak near
0.2 V (see Fig. 6). Adenine displays a rather broad peak
around 1.3 V. There is some hint of activity in guanine
(f ). The DNA data might be accounted for by both the
phosphate and adenine activity (although it is unlikely
that the diester phosphate is as electroactive as the triply
charged phosphate in the electrolyte).
We have tried a number of other salts (tris(hydroxy-
methyl)aminomethane (13), sodium chloride, sodium
acetate, and sodium trifilate) concluding that phosphate
buffer gives the largest potential window for double-
layer behavior. However, it still reacts at a lower
potential (1.2 V vs. AgQRE) than any of the compo-
nents of DNA. Reactions with DNA alone require a
pure aqueous solution that may destabilize the polymer.
Reaction with Adenine involves denaturation of the
DNA. An alternative is to react a DNA/salt complex
onto the substrate as we have done in an earlier work
(11-13). The results are not easy to interpret.
These constraints convinced us of the need to reexam-
ine the physical adsorption of DNA under potential
control. Our data indicate that the phosphate buffer may
be a suitable medium for this and we describe further
studies of the phosphate/Au(111) system below.
THE AU(111 ) SURFACE UNDER AQUEOUS
ELECTROLYTES
In this section we examine the interface between gold
and aqueous electrolytes. The Au(111)/HCl04 system
has been the subject of many electrochemical studies
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and we have recently described a comprehensive STM
investigation of phase transitions at this interface.' It is
remarkable that the Au(111) surface maintains the 23 x
+3_ structure (the structure seen on the clean Au(111)
surface in ultrahigh vacuum) under a covering electro-
lyte. Moreover, it maintains this structure until poten-
tials in excess of 350 mV (vs. AgQRE) are reached. The
H20/Au(111) system is less well studied because of the
difficulty of maintaining potential control in the pres-
ence of currents (owing to the high solution resistance),
however, this is not a problem in the double-layer
regime where no current flows. We show results for H20
on Au(111) in Fig. 3 (data were acquired at a tunnel
current, I, of 1 nA with a tip bias with respect to the
substrate, V, of -100 mV). At low potentials, the
surface is covered with stripes of - 65 A spacing and 0.2
A height. These are found all over the surface (if it is
clean) and are due to the 23 x VF3 reconstruction.' When
the potential is stepped rapidly (25 mV/s) above 0.35 V,
'blobs' of 70-A diameter and 2.5 A height form as
islands of gold atoms are left on the surface by the
transition to a lXi structure.' Thus, in the absence of
salt, Au(111) maintains its 'intrinsic' (i.e., ultrahigh
vacuum interface) structure.
Our next step is to examine the effect of adding
phosphate buffer. With the cell at its rest potential
(counter electrode disconnected) the Au(111) surface is
found to be covered by the 23 x A3 reconstruction under
10 mM phosphate buffer (pH 6.5) as shown in Fig. 4A
(data are taken at I,= 1 nA and V,= -100 mV).
~~~~~~~~~~~~~,,_.,.
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FIGURE 3 STM images (raw data) of Au(111) under H20 at (A) 0 V (the arrows point to the repeat unit of the 22 x V'3 reconstruction). The
amplitude of the stripes is 0.2 A. In B, the potential is raised to 0.2 V (vs. AgQRE) and some 2.5 A high islands form. At 0.4 V (C) the
reconstruction has been replaced by islands. The reconstruction does not reappear on returning to 0 V (D) although it has been found to be slowly
reversible in some systems (Tao, N.J., and S. M. Lindsay, 1991).
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FIGURE 4 STM images (raw data) showing the 23 x V5 reconstruc-
tion on Au(111) under 10 mM phosphate buffer at the rest potential
(A). The reconstruction is lifted when the surface is brought to 0 V vs.
AgQRE (B).
However, as soon as the potential is set to 0 V (vs.
AgQRE) the reconstruction is lifted (Fig. 4 B). The
'blobs' are smaller (30-40 A diameter and less than 1 A
high) than observed in the case of HCl04 and H20,
giving the surface a flat appearance when imaged at
lower resolution. Their origin is unknown.
It is of interest to follow this surface morphology at
somewhat lower resolution all the way up to the reaction
at + 1.2 V vs. AgQRE (Fig. 2b). Fig. 5 shows a series of
images taken over an Au(1 11) surface under this buffer
as the potential is increased from 0 to 1.4 V. The area is
dominated by two flat planes separated by a single
atomic step of 2.5 A (the image has been levelled to
enhance contrast). There are some small features ( < 1 A
high) on the surface. As the potential is raised above 0.2
V (Fig. 5 C) the images begin to blur (Fig. 5 G). This
A
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FIGURE 5 STM images (raw data) of some atomically flat terraces on Au(111) under 10 mM phosphate buffer as the potential is raised in steps of
0.2V from 0V (A) to 1.4 V (H), where the surface is too unstable to image. Returning to 0 V (I) shows the roughening caused by the reaction at 1.4
V.
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loss of resolution continues up to 1.2 V. At 1.4 V, the
image becomes unstable (Fig. 5 H). When the potential
is reduced to 0 V, the surface is found to be roughened
(Fig. 5 I), demonstrating that the reaction (at 1.4 V) is
not reversible. The onset of the reaction under the tip is
delayed somewhat (it occurs at 1.2 V in the bulk [Fig.
2]).
The onset of blurring at 0.2 V is associated with a
small peak in the voltammogram (see inset, Fig. 6). We
studied the same system using an electrochemistry cell
on a Nanoscope II AFM. The potential was controlled
by a Pine Instruments AFRDE4 potentiostat using the
AgQRE. Fig. 6 shows an AFM topograph taken while
the potential was cycled between +0.7 and -0.7 V
during the AFM scan (the contact force was 5 nN before
potential control was applied). A little over three full
cycles were made during the acquisition of one AFM
image. It is clear that a globular adsorbate structure
forms on the surface when the potential exceeds 180
mV. It is removed at -50 mV. (We have levelled the
image because the raw data are perturbed by an interac-
tion between the potentiostat and force sensor.) This
adsorbate is not visible in the STM images (Fig. 5) so the
STM tip must be ploughing through it to image the
underlying gold. Presumably, this causes a disturbance
of the tip that leads to the observed blurring when V,
exceeds 200 mV. Although there is no evidence of an
interaction below 180 mV between phosphate and
Au(111) in the voltammogram, it is implicit in the lifting
of the 23 x +/ reconstruction.
Thus, it appears that there is a potential window (0 to
0.18 V) over which the gold surface can be made positive
in phosphate buffer without forming dense adsorbates
on the electrode.
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FIGURE 6 AFM scan (image is levelled to remove charge effects) as the Au(111) potential is cycled between -0.7 and +0.7 V under 10 mM
phosphate buffer (the inset is a cyclic voltammogram for this system). Three electrochemical cycles occur as the image is collected. The itnage
shows the formation of an adsorbate at +0.18 V which is removed at -0.05 V.
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INITIAL EXPERIMENTS WITH DNA ON
AU( 1)
Our first experiments with DNA added to a phosphate
buffer did not produce images of intact DNA molecules.
They did, however, produce images of some form of
DNA and did so reliably. These experiments showed
that low molecular weight DNA gave 'blobby' images
while high molecular weight DNA gave 'fibrous' images.
Furthermore, they showed that the adhesion of the
DNA to the electrode was reversible, provided that
reactions were not carried out. There were several
reasons why 'poor' images were obtained: excessive
imaging currents, cycling to excessive electrode charge,
and possibly even contamination of the samples. How-
ever, even these 'negative' results are important, for they
show that one may examine the structure of the mole-
cules on the electrode in conditions that cause denatur-
ation and/or aggregation of the molecules (for a discus-
sion of similar effects in preparations for electron
microscopy, see reference 27). We defer a full discussion
of these effects to another paper but the interested
reader will find some examples of these images pub-
lished elsewhere (28).
Appella of the Molecular and Cell Biology Laboratory
of the National Cancer Institute at the NIH. Details are
given elsewhere (30, 31). Single stranded samples were
radioactively labeled with 32p using T4 polynucleotide
kinase. The complementary strands were annealed to
give a 4-base overhang for precise ligation. The duplexes
were ligated using T4 DNA ligase. Full details of these
procedures are given elsewhere (32). The result is
oligomers of a length 21n + 4 bases, some of which are
circles. Ifwe assume a B-DNA base stacking distance of
3.4 A this procedure yields a series of polymers of
lengths 71.4n + 13.6 A. This calculation assumes that
the 4-base single stranded ends are stacked as in
B-DNA, but this stacking distance can double at low salt
concentration. The detection of ring closures was car-
ried out with a two-dimensional gel analysis (32). Sepa-
ration in the first dimension was performed in a 4%
polyacrylamide gel in a TBE buffer (90 mM Tris, 90 mM
Boric Acid, 2 mM EDTA, pH 8.3). Separation in the
second (perpendicular) dimension was in a 10% poly-
acrylamide gel in TBE. The result of this analysis is
shown in Fig. 7 (the smallest linear fragment on the
lower right is a trimer; the gel was run this way in order
to separate circles and long linear fragments clearly).
LIGATED DNA OLIGOMERS ON AU(1 11)
We attempted to make a sample which consisted only of
small DNA circles in order to circumvent the problems
of denaturation. Covalently closed, and with a circumfer-
ence less than the persistence length of DNA, such
circles should be immune to even the most brutal
conditions at the electrode surface. Small circles can be
made by ligating highly bent oligomers (this is the basis
of one method for direct determination of DNA bend-
ing). The ligation mixture contains both circles and
linear DNA fragments. However, we failed to extract
enough circles from the dense polyacrylamide gel used
for separating them from the linear fragments. Thus, the
experiments described here were carried out with the
ligation mixture.
We chose the sequence
5'- AAAAACCCCCAAAAAACCCCC
3'-GGGGTTTTTGGGGGTTTTTTG,
which has a high intrinsic degree of bending according to
the Trifonov wedge model and experimental determina-
tion of the wedge angles (29). The smallest circle that
can be made with this oligomer is a 7-mer (147 base-
pairs, yielding a diameter of 150 A). The oligomers
were synthesized and purified (using HPLC) by Dr. E.
FIGURE 7 Two-dimensional gel analysis of the ligation products of
the synthetic oligomer. The lower series starts at a trimer (right)
increasing to an 11-mer. The smallest circle is a 7-mer. The first
separation (not shown) gave approximately equal spots for the
monomers, dimers, and trimers.
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STM studies were made using the original ligation
mixture which contained both linear and circular DNA
molecules. These were purified after ligation by phenol
extraction followed by gel chromatography on Sephadex
G-50 columns. The 21-bp fragments were labeled with
y-32P ATP followed by a large excess ( 104) of nonradio-
active carrier material. Hence, spot intensity on the gels
is proportional to fragment concentration with essen-
tially no length dependence. The first gel separation (not
shown) gave spots of approximately equal area (within
50%) for trimers (T), dimers (D), and monomers (M).
Hence, the ratios of the concentrations of these frag-
ments were 1:1:1 (T:D:M).
Our first successful experiment used a solution of 30
,g/ml of the ligation mixture in 1.4 mM phosphate
buffer (adjusted to pH 6.5 with NaOH). The substrate
was left at + 100 mV (vs. AgQRE) for 20 min under the
solution. An image taken soon after lowering the tip is
shown in Fig. 8 A. It is very streaky, in sharp contrast to
images obtained on the bare substrate or on the sub-
strate before the counter electrode was connected. In
this image V, = -100 mV and I, = 1.0 nA. I, was lowered
to 0.26 nA and an immediate improvement resulted
(Fig. 8 B). Many experiments since then have shown
that there is a quite reproducible threshold for stable
images of these adsorbates: I, must be less than 0.4
nA. We have imaged with currents as small as 0.1 nA,
finding little effect, as long as I, is less than the threshold
value. The small features in Fig. 8 B (- 100 A in length)
are monomers (n = 1), as will be demonstrated below.
Our previous experiments had all been made at higher
tunnel currents which resulted in poor resolution at
relatively low substrate potentials. This particular exper-
iment at low potential and low tunnel current suggested
that we had bound extended and isolated DNA mole-
I..
cules that were not denatured. The images were quite
stable under repeated scanning. An example is given in
Fig. 9 where we show an area covered with some
relatively high molecular weight fragments. Fig. 9A
shows three atomically flat terraces on the gold, each of
which appears to be covered with DNA strands (the
images are raw data). In Fig. 9 B we show the results of
zooming in to one of the terraces. Most of the chain-like
features do not show the expected periodicity for B-form
helices. However, at least one on this scan (indicated by
an arrow) has the correct width (- 20 A) and displays a
36 A periodicity (close to that expected for B-DNA).
Such images are quite rare in the runs we have con-
ducted to date, suggesting that the DNA is usually
modified on binding the substrate (by modified we mean
retaining its double helical form, but with an unusual
periodicity along the chain).
Fig. 9 C shows the result of zooming out again over
the same area. Careful comparison of Fig. 9, C and A
reveals that the image has changed a little. Nonetheless,
the overall stability is excellent. However, when the
substrate potential was adjusted to -100 mV and the
substrate rescanned (Fig. 9 D) the adsorbate was imme-
diately destabilized.
We have repeated runs like this a number of times
with similar results. However, two negative results are
important for understanding the deposition process.
Our first experiments with these samples used water
with no added salt (because the circles remain stable
without salt). If the attachment process was entirely
electrostatic, we would expect to see the DNA circles
attached to a bare gold substrate. We followed deposi-
tion procedures much like those described above with
little success. Noise in the images indicated that the
interface was different from that observed without DNA
present, but no recognizable images were obtained. The
presence of a salt co-adsorbate appears to be essential
for stable STM images. This indicates that electrostatic
forces alone are inadequate for stabilizing the adsorbate
(as we have argued elsewhere [2]).
In a second negative experiment, 0.2 mM phosphate
buffer was placed onto a substrate, and the potential set
to V, = 120 mV. The surface was surveyed and it
appeared clean (with the 23 x VF3 reconstruction lifted,
as expected under phosphate buffer). The tip was
withdrawn and the ligation mixture added to achieve a
final concentration of 6 ,ug/ml. The tip was inserted
from time to time to examine the substrate over the next
4 h. Addition of the DNA caused a certain streakiness
(as in the previous experiment) but no clear images were
obtained. Thus, it appears that the DNA and salt must
be adsorbed together. Salt alone forms a stable layer
that excludes DNA. The time for the formation of this
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FIGURE8 An Au(111) surface coated with the ligation products of
the oligomers at a substrate potential of 0.1 V and a tunnel current of 1
nA (A) and 0.26 nA (B). The same area is scanned in each case, but
sample movement renders the high tunnel current image (A) unrecog-
nizable (raw STM data).
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FIGURE 9 STM scans (raw data) over an area of three atomically flat terraces on Au(111) at V, = 0.1 V coated with some relatively high molecular
weight ligated oligomers. The arrow inA points to a highly curved fragment. B is a zoom-in on the area scanned inA (the arrow points to a polymer
displaying a 36 A repeat). C is zooming out again; the image is almost identical to the first scan, demonstrating the stability of the adsorbate. In D,
the same area is scanned again, but the substrate potential is switched to -0.1 V at the start of the scan, destabilizing the adsorbate.
layer is less than that for DNA diffusion across the cell
(Eq. 2). Thus, we conclude that the population of
fragments on the surface should be related to the
population by some function of the translational diffu-
sion constants.
QUANTITATIVE ANALYSIS OF THE
OLIGOMER IMAGES
We have surveyed more than a hundred images taken in
five runs. Most of the images have three characteristics:
(a) the overwhelming majority of fragments that are
imaged are short (monomers or dimers); (b) the best
images have most of the chains lying along the slow-scan
(y) axis. Few of the fragments (in good images) make an
angle of more than 450 with this axis; (c) the chain
lengths are all somewhat longer than expected for
B-DNA base stacking.
We will analyze the fragment length distribution in
what follows. The alignment of the fragments is not
completely understood. We do see some images when
fragments are aligned along the fast-scan direction
(horizontal in these images) but they are streaky. Image
processing of 'noisy' regions of the substrates often gives
some hint of molecules aligned along the fast scan
direction. Thus, the origin of the problem appears to be
some instability as the tip is scanned rapidly along a
molecule (as opposed to rapidly across it).
Whatever it causes, this preferential alignment with
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the y axis exaggerates the effect of drift (which is much
more of a problem in liquid cells than in UHV). This can
be seen by considering the effective 'magnification
factor' (or 'demagnification factor' for drift in the
opposite direction) owing to drift. For a linear object
aligned along they axis this is
MY = (1 - VY/V,) 1, (4)
where Vy is the drift velocity along they axis and Vs is the
scan velocity along this axis. Typical values for V, are
5-25 A/s, so rather small values for drift can result in
infinite magnification for drift along the scan and a
factor 0.5 decrease in magnification for drift against the
scan. Thus, the overall effect of drift is to displace the
distribution to larger measured dimensions and to
broaden it. It is not clear at this point whether this effect
can explain the apparent shift of the measured length
distribution to longer lengths. It seems unlikely, because
we wait for drift to subside below - 20% from scan to
scan before we record data. In these circumstances the
slewing of the distribution should be small. Work is in
hand to develop accurate methods to compensate for
drift. Further experiments will then shed light on this
point.
A number of rather typical images are shown in Fig.
10. In this particular run, DNA fragments were added to
a final concentration of 32 ,ug/ml in 0.9 mM phosphate
buffer and left to adsorb for nearly 1 h (here I, = 0.26
FIGURE 10 STM scans (raw data) showingvarious linear fragments (A), bent fragments (B), and multimers (C) made by ligating the 21-mer. The
arrows in B point to some very bent polymers. All images are raw data. D (upperpart and upper scale bar) shows a gallery of images taken from C. 1
through 7 are designated monomers (having measured lengths of 101, 96, 106, 106, 106, 106, and 117 A, respectively). 8 is a dimer (230 A) and 9 is a
trimer (370 A). These dimensions are all - 30 to 50% longer than expected (see Fig. 11 for a statistical analysis). The average width of the images
presented here is - 32 A. The lower part of the figure (refer to lower scale bar) shows three circles taken from Fig. 9. Their outside diameters are
- 130 A (10) and 160 A (11 and 12). 11 and 12 have the dimensions expected for the smallest circles in the ligation mixture while 10 is -20%
smaller than expected.
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nA, V, = -300 mV and V, = 100 mV vs. AgQRE). Fig.
10A shows a relatively large area showing the surface
littered with small rod-like fragments. Fig. 10 B is a scan
at higher resolution over an area that contains a number
of fragments that are quite bent (arrows point to the
most extreme examples). Fig. 10 C is a scan over an area
where most of the fragments appear to be straight. In
this run the great majority of fragments align along they
axis (Fig. 8 B shows fragments oriented at a much larger
angle to the y axis). We have composed a gallery of
images taken from Fig. 10 C in the upper part of Fig.
10 D. Fragments 1 through 7 are representative of the
shortest fragments seen. In this case they are 30% longer
than the expected monomer dimensions. A shift rather
like this is seen in most images (see below) and we
designate these as monomers. On this basis, the frag-
ment labeled 8 is a dimer, and that labeled 9 is a trimer.
We have also found a few circles (a total of eight in these
five runs). This is too few to permit a statistical analysis
but we show three extracted from Fig. 9 in the lower part
of Fig. 10 D. Their dimensions are consistent with the
minimum size (n = 7) expected for circle formation.
In order to make quantitative measurements, we
waited until the changes in apparent dimensions with
scan direction were less than - 20%. We then recorded
a number of images that we processed by high pass and
median filtering to facilitate length measurement on
individual fragments.
A histogram of length measurements for 200 frag-
ments is shown in Fig. 11. The distributions are quite
broad, despite the fact that individual images appear to
show quite good integer ratios between the lengths of
putative multimers. We believe that most of the broaden-
ing is caused by drift as discussed above (although the
finite (and variable) resolution of the instrument will
also contribute). Despite the fact that we have at-
tempted to collect data in periods of small drift, it can
change during the course of data collection. Because of
this broadening (and the intensity of the monomer peak)
the dimer and monomer peak are merged in Fig. 11.
However, we can identify the 'shoulder' on the right of
the first peak as owing to dimers through images such as
that in Fig. 10 C.
The peaks in the distribution shown in Fig. 11 are at
100-120 A (monomer) and 180-240 A (trimer). The
dimers lie in the region 120 to 180 A based on identifica-
tion of fragments in individual images. The arrows
indicate the calculated lengths based on B-helix base
stacking. These are 30 to 40% less than the measured
peaks. This is a little more than our uncertainty (- 20%
due to drift plus 1 nm instrumental broadening) and
systematic in a way that might indicate that the frag-
ments are elongated on the substrate, but further
experiments are needed to elucidate this point.
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FIGURE 11 Histogram of length data for 200 ligation products imaged
with the STM (the bins are 20 A wide and the first bin is 40 to 60 A).
The arrows point to the lengths expected from I = (71.4n + 13.6) A.
These data also yield an estimate of the trimer:dimer:
monomer concentration ratios. We take the bins be-
tween 180 and 240 A as representing trimers (T), those
between 120 and 180 A as representing dimers (D), and
those between 60 and 120 A as representing monomers
(M). The absolute numbers are 22:33:119 (T:D:M).
We have shown above that the adsorbate layer stabi-
lizes some time, To, after the substrate is made positive.
Therefore, the number of molecules of species i (concen-
tration pi) that can diffuse (over a substrate area,A ) into
the double layer is
Ni = A Pi F2Dt(i)To, (5)
where we have used Eq. 2, and D,(i) is the appropriate
translational diffusion constant. This short DNA can be
treated as a rigid rod for which
Dp) =Kln(p) + y(p)
~
(6)
where K is a constant at a given viscosity and tempera-
ture, p = l/2a, where I is the fragment length and 2a is
the DNA diameter (20 A), and y(p) can be calculated
using the polynomials provided by de la Torre and
Bloomfield (33). We obtain ratios for Dt(p) which are
1:1.28:1.82 (T:D:M). This simple model predicts that we
should see the trimers, dimers, and monomers (T:D:M)
in the ratios p3FDt(3):P2IDt(2):P1IDt(1), so, for our
approximately equal concentrations, the imaged ratios
should be 1:1.2:1.4. The observed ratios (1:1.5:5.4)
show a preferential adsorption of the smaller molecules
well in excess of that predicted.
Many experiments have demonstrated this preferen-
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tial adsorption of smaller molecules. In particular, we
have found that smaller amounts of single-stranded
material clutter the substrate, complicating imaging of
high molecular weight material. Purification of the
sample on a gel and column appears to be an essential
step.
DISCUSSION AND CONCLUSIONS
Our experiments demonstrate that DNA molecules can
be adsorbed onto an electrode and imaged by the STM
with a high resolution. The resolution is demonstrated
by the width of the images, which is typically 3 nm,
showing that the instrumental broadening is limited to
- 1 nm. This may be seen by examining Fig. 10 D. These
images are typical of what can be done with a selected
tip (i.e., if the images are much broader, they are usually
improved on replacing the STM tip). Very high resolu-
tion can be obtained on occasion: an example is the
molecule pointed to by an arrow in Fig. 9 B, which has an
apparent width quite close to 2 nm.
Given this resolution, one might expect that the helix
pitch (--3 nm) would be more readily visible (i.e., the
molecules would 'look more like DNA'). In fact we
rarely see evidence of internal structure on short frag-
ments. Longer fragments (i.e., Fig. 9) do appear to show
internal structure, but it is not often near 3 nm (Fig. 9 B
is exceptional). It would be possible to have quite narrow
images with poor internal resolution if the tip is sharp,
but interacts strongly with the molecule once it makes
contact. Longer molecules may be more stable in this
respect. The details of the interaction with the substrate
may be important. If the molecule is held more strongly
at reactive sites associated with the 23 x +3 reconstruc-
tion, present before the adsorption occurred, then this
might be reflected in a variation in apparent contrast as
the tip interacts differently with parts of the molecule
that are bound differently. In any case, it may not be
fruitful to pursue these points in the absence of a good
theory for image contrast.
Small fragments are preferentially adsorbed. We have
considered the effects of diffusion from the bulk, but a
referee has pointed out to us that adsorption in the
double layer should also be strongly length dependent.
This is because binding to the substrate greatly reduces
the configurational entropy of a chain molecule (so an
uncharged polymer would be repelled from the sub-
strate). Calculations and simulations using model sys-
tems show a complex range of phenomena including
reduced binding of long (flexible) chains (34, 35). This
effect is qualitatively consistent with our observations,
but the binding process in our experiments is probably
more complex yet. Estimates of the interaction forces in
an STM suggest that typical interatomic attractive forces
are much too weak to stabilize an adsorbate (2). There-
fore, it may be necessary to stabilize the adsorbate by
holding it in a dense layer so that disturbances due to the
tip are resisted by strong core repulsion forces (2). Our
experiments are consistent with this in as much as
simultaneous adsorption of phosphate and DNA are
required to form a stable layer. The formation of such
dense layers is beyond the scope of models based on the
Poisson Boltzmann equation and point ions.
In our view, the most remarkable aspect of this
adsorbate is its uniformity. In the region from 0 to 180
mV (vs. AgQRE) the gold appears to be atomically flat
in both STM and AFM images taken under the phos-
phate buffer. Since there is no measurable current
associated with the formation of the structure that lifts
the reconstruction, the adsorbate must be thin (- 1
monolayer) and presumably quite uniform over the
surface over the range of potentials and salt concentra-
tions reported here. This suggests that the interface
structure is controlled by the interface potential alone,
being rather insensitive to the absolute amount of salt or
the presence of a small amount of contamination (i.e.,
DNA molecules).
When DNA is present, it adsorbs with remarkable
uniformity. Perhaps the best measure of this comes from
the critical value of tunnel current for clear images
because this should be a very sensitive measure of the
adsorbate thickness. It is always near 0.4 nA. This
suggests that the structure of the adsorbate is repro-
duced with high precision from run to run. Furthermore,
the surface coverage of the added DNA particles is
highly reproducible. The adsorption is somewhat more
length selective than expected.
At small positive charges (0 < V, < 180 mV) the
DNA appears to adsorb as an extended and undena-
tured double helix (sometimes in a B conformation).
This is a remarkable simplification of ex-situ spreading
techniques. The DNA is, of course, unstained and
hydrated during imaging.
At high positive charges, the DNA appears to undergo
conformational transitions. Whether this is due to the
presence of a concentrated salt layer (as manifested in
the adsorbate discovered in the AFM images), a conse-
quence of the high positive charge on the electrode or
even selective adsorption of contamination is unclear at
present. Nonetheless, these results indicate that this
technique may be useful for studying denaturation and
condensation processes. We are engaged in a quantita-
tive study of the interface charge in order to facilitate
these developments.
At negative surface charges, the adsorbate destabi-
lizes. It can be reformed to some extent by recycling the
potential, but we have not investigated this thoroughly.
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We have found that positive tip bias (with respect to
the substrate) yields poor contrast. In general, contrast
improves with increasing negative tip bias, but the effect
is small compared to the role of tunnel current. We have
explored tip bias effects up to V, = -600 mV. Noise
becomes a problem at higher negative bias (we have not
removed air from our electrolytes).
All of the images we have obtained here show a rather
simple set of morphologies for the DNA. The images are
usually quite straight over small length scales. A number
of oligomers are bent. Sometimes the bending is quite
localized. Since the sequence we have used is believed to
be highly bent in solution (29), these images imply that
bonding to the substrate often straightens the oligomers.
None of the images show the dramatic local kinking and
bending we have seen many times in our earlier work
(12, 36). We were clearly incorrect in attributing this
local structure to DNA sequence (at least in any simple
manner). We believe that it was most likely a conse-
quence of the inhomogeneous manner in which salt
co-reacted with the DNA in earlier experiments.
These data illustrate a further point, which is that a
given sequence may adopt a variety of structures on the
surface (straight, smooth bending, local kinking). We
have only studied the one sequence to date, so it is not
clear to what degree these arrangements are dictated by
sequence.
The main experimental limitation on quantitative use
of the method is microscope drift. Corrections can be
made quite easily if drift is measured carefully.
There are questions that remain unanswered, but it is
clear that the procedure described here yields data that
are at least as good as that obtained from electron
microscopy (the best cryomicroscopy methods have
detected the helix pitch [37]). It does so without staining
and on molecules that are hydrated. The sample prepa-
ration and microscopy are relatively simple. The adsorp-
tion from solution is not yet understood on a quantita-
tive basis, but the coverage is empirically predictable.
The surface coverage is quite uniform, making statistical
analysis straightforward.
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